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Post-implantation infections are one of the major issues curtailing the clinical performance of numerous
biomedical devices, leading to implant failure. With the advancement of modern surgery, improvement
of implant surfaces is highly desirable to address biomaterial-associated biofilm formation. Herein, we
report a photo-crosslinkable polymeric coating material composed of dimethacrylate end-terminated
polylactic acid (PLA)/polyethylene glycol (PEG) diblock copolymers (PLEGDA) bequeathed with ZnO
nanoparticles (NPs) for the surface modification of biomaterials via a facile photo-grafting method.
Incorporation of 1 wt% ZnO NPs to the as-synthesized PLEGDA bestows the surface with potential
contact-killing antibacterial properties against S. aureus and E. coli bacteria. The suitable hydrophobic/
hydrophilic balance of PLAggoo/PEG2000 Segments in combination with ZnO NPs offers low fouling

Received 12th April 2023, against both bacteria, with superior resistance against E. coli. Moreover, the homogeneous coating

Accepted 27th June 2023 exhibits excellent biocompatibility as indicated by in vitro cell viability and cell adhesion behavior.
Therefore, ZnO NPs-embedded biocompatible polymer-based, low-fouling, UV-assisted coating has

great potential in the surface modification of different biomaterials for combatting implant-associated
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1. Introduction

Biomedical implants have been extensively used nowadays
to improve the life quality of numerous patients. However,
frequent microbial contamination of these implants still
remains a major challenge™” that can cause infection, inflam-
mation, and even implant failure, leading to serious health and
economic issues for patients after surgery.>* Therefore, the
development of new antibacterial surface coatings is of paramount
importance to minimize implant-associated bacterial colonization
and biofilm formation. For this purpose, a variety of methods have
been developed. Examples include introducing various antibacter-
ial agents such as antibiotics, quaternary ammonium compounds,
antibacterial peptides, silver nanoparticles (NPs), and metal oxides
on the surface of the implants.” ™ Recently, efforts have also been
taken to integrate of those antibacterial agents into different forms
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infections while preventing multiple drug resistance.

of biomaterials or surgical dressings, for example, hydrogels,
electrospun scaffolds, sponge and foams for the development
of controlled antibacterial and anti-infection performance.*>™*
Although these methods are found efficient for combatting
bacterial infections, several drawbacks limit their applications,
such as limited operational time, apparent cytotoxicity, narrow
antibacterial spectrum, and establishment of transmitting
multidrug resistance.'®™® Additionally, most of these mono-
functional coatings are insufficient to resist fouling by proteins,
platelets, and dead bacterial cell debris.">*° To overcome these
limitations, proper surface modifications to generate multi-
functional surfaces with both antibacterial and antifouling
activity are highly desirable. Recently, efforts have been made
to develop contact-active antibacterial and antifouling dual-
functional coatings.? 2> However, based on market availability,
a multifunctional coating, which is highly efficient, is still rare,
and further research is needed to optimize both materials and
methods.

Among the degradable polymers, poly(lactic acid) (PLA) has
shown great potential as a biocompatible and bioresorbable
Food and Drug Administration (FDA) approved green synthetic
polymer. It has been successfully deployed in tissue engineering
and scaffold fabrication for years.>*”” At the same time,
poly(ethylene glycol) (PEG) has attracted much attention in the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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development of antifouling coatings due to its hydrophilicity,
biocompatibility, and nontoxicity.>®?° PEG is also widely utilized
as FDA approved nanocarriers in the biomedical industry,>**
and hence, it allows loading antibacterial NPs, which form
homogeneous polymer-NPs composite materials.

Compared with other metal-oxide NPs, ZnO NPs are gaining
much interest as a preferred antibacterial agent due to their
relatively low cost and toxicity, and renowned use in healthcare
products.’* Furthermore, ZnO has been listed as “generally
recognized as safe (GRAS)” by the FDA. Recently, few studies
have reported the effective antibacterial activity of ZnO NPs
against both Gram-positive and Gram-negative bacteria.****
Interestingly, different sizes and morphologies of the NPs have
been found to significantly affect their antibacterial efficacy.*’

To confer the desired antifouling and antibacterial properties
to the implant surfaces, we envision herein that the use of
biocompatible polymer-NPs composite coatings would provide a
facile strategy to minimize the vulnerability to bacterial infections
while incorporating the integrated material properties into the
implants. Hence, in this study, we report an efficient thin-film
composite coating for surface modification of biomaterials based
on methacrylate end-functionalized rationally balanced block-
copolymers combining synthetic biopolymer PLA and antifouling
PEG (PLEGDA) embedded with antibacterial ZnO NPs (1 wt%).
Ti-6Al-4V alloy is used as the substrate as it is the workhorse
titanium alloy for surgical implantation due to its good biocom-
patibility, osseointegration, mechanical properties, and corrosion
resistance.>® The PLEGDA/ZnO NPs composite coatings were
prepared by mixing ZnO NPs suspension with PLEGDA, followed
by dip-coating and photo-crosslinking. Exploiting the photo-
grafting approach, both anchoring and crosslinking of the
coatings were achieved on the silanized implant at the same time.
The PLEGDA/ZnO NPs coatings were found to have good surface
coverage with homogeneous distribution. Furthermore, in vitro
studies demonstrated efficient contact-killing antibacterial prop-
erties and some foulingresistance of the coatings against
S. aureus and E. coli, while exhibiting non-cytotoxic behavior
toward hFOB osteoprogenitor human cells. Tailoring these multi-
functional polymer-nanomaterial coatings holds a significant
potential toward substrate-independent UV-assisted surface
modification of biomaterials to minimize implant-associated
infections.
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2. Results and discussion

2.1. Synthesis of ZnO NPs

Initially, a series of ZnO NPs were synthesized from zinc nitrate
by a chemical precipitation method,*””*® followed by annealing
at 150, 200, 350, and 450 °C for 2 hours. Further studies
were conducted on ZnO NPs annealed at 350 °C (Fig. 1) as it
was found preferable in terms of chemical purity and average
particle size. The size of ZnO NPs greatly contributes to their
bactericidal properties; the smaller their size, the higher is
the antibacterial activity.>>*® The X-ray diffraction (XRD)
pattern (Fig. 1a) reveals the presence of a highly crystallized
ZnO phase (Zincite, JCPDS 5-0664), with no unwanted peaks
related to impurities, including the precursor (Fig. S1, ESIf).
The morphology and the size of the NPs were studied
using transmission electron microscopy (TEM). Fig. 1b reveals
the polygonal shape of ZnO NPs, with an average diameter of
55 £ 15 nm. This crystallite size was further supported by
scanning electron microscopy (SEM, inset of Fig. 1b) and XRD
measurements. To determine the surface charge, the variation
of the zeta potential of ZnO NPs dispersion (Fig. 1c and Fig. S2,
ESIY) as a function of the pH of the medium was studied. Fig. 1c
shows that the NPs exhibit a characteristic positive surface
charge/zeta potential value of +24.7 mV at pH 7.4, which
decreases or reverses to negative values as the pH of the
medium decreases or increases, respectively. This strong
positive surface charge of ZnO NPs at physiological pH provides
high cytotoxicity against negatively charged cell walls and
organisms.

2.2. Synthesis of dimethacrylate of PLA-block-PEG (PLEGDA)
copolymer

Scheme 1a shows the synthetic route of dimethacrylate end-
functionalized PLA-block-PEG (PLEGDA). Briefly, PLA-diol
was prepared using ring-opening polymerization of 1-(-)-lactide
(LA) initiated by 1,4-butanediol. The molecular structure and
weight were determined by 'H NMR and MALDI-TOF-MS
spectra (Fig. S3, ESIt). The molecular weight (M, ~ 8600)
deduced from matrix-assisted laser desorption/ionization-time
of flight (MALDI-TOF) MS spectra was found to be quite similar
to the molecular weight deduced from "H NMR. In addition, a
separation of m/z 144.1 between the peaks was measured,
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(a) XRD pattern, (b) TEM image (inset: SEM image) of as-synthesized ZnO NPs after annealing at 350 °C, and (c) change in zeta potential values at
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Scheme 1
produce PLEGDA/ZnO NPs-based antibacterial surface coating.

representing the molecular weight of LA and confirming that
PLA-diol consists of LA repeating units. In the next step, PEG
(M,, ~ 2000) was coupled to the as-synthesized PLA-diol via the
coupling reaction with hexamethylene diisocyanate (HDI) in a
1:1 molar ratio. One of the terminal hydroxyl groups of the PEG
chains undergoes a reaction with one of the terminal isocyanate
groups of HDI, forming PEG-HDI pre-polymer. In the next step, the
second isocyanate group is available as a reactive attaching site for
the hydroxyl groups of PLA chains and produces PLA-block-PEG
copolymers. In the final step of the synthesis, end-capping of the
as-synthesized block copolymer was carried out by its reaction
with 2-isocyanatoethyl methacrylate (IEMA). The final product,
dimethacrylate end-terminated PLA-block-PEG (PLEGDA), was char-
acterized by 'H NMR (Fig. S4, ESIf) and the molecular weight
was determined using GPC (Fig. S5, ESIf). Two other UV-curable
PLA-block-PEG copolymers, PDA1 [PLA(M, ~ 3600)/PEG(M, ~
2000)] and PDA2 [PLA(M,, ~ 17 000)/PEG(M,, ~ 2000)], were synthe-
sized in a similar approach in order to examine the effect of the
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(a) Synthetic route of PLA-b-PEG dimethacylate (PLEGDA). (b) Schematic illustration of the post-modification of titanium substrate to

hydrophobic-hydrophilic balance on the production of an effective
surface coating.

2.3. Surface coating and characterization

Scheme 1b represents the schematic illustration of the photo-
grafting process where Ti-6Al-4V substrates were used as model
biomedical surfaces due to their multifunctional applications,
high biocompatibility, osseointegration and corrosion resis-
tance. In a typical process, ZnO NPs-embedded PLEGDA solu-
tions were prepared by mixing 1 wt% ZnO NPs with 60 wt%
PLEGDA in chloroform, followed by the addition of 0.5 wt% of
TPO-L as a photoinitiator producing the final formulation. To
facilitate surface grafting, the titanium substrates were subjected
to pre-treatment which enabled the silanization of the surfaces
by the reaction with 3-(trimethyoxysilyl)-propyl methacrylate
(TMSPMA). Dip coating of PLEGDA/ZnO NPs nanocomposites
on these silanized titanium substrates led to smooth coatings
that were obtained after crosslinking by UV-irradiation.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Surface characterization of the stepwise coating by (a) Ti 2p, (b) Si 2p, (c) Zn 2p XPS spectra; and C1s XPS spectra of (d) PLEGDA (inset: TEM image,
scale bar: 500 nm) and (e) PLEGDA/ZnO NPs (1 wt%) coatings (inset: TEM image, scale bar: 500 nm). (f) Contact angle values of bare Ti and different

coatings during step-by-step modifications.

To assess and characterize successful modification during
the stepwise coating process, X-ray photoelectron spectroscopy
(XPS) analyses of all the surfaces were conducted before and
after modification, see Fig. 2a-e. As shown in Fig. 2a, the
relative intensity of the Ti 2p peak reduced after silanization,
and the peak completely disappeared after photo-grafting of
PLEGDA and PLEGDA/ZnO NPs (1 wt%) composites. These
results indicate that the surface has been completely covered
by the composite material. After silanization by TMSPMA, a peak
of Si 2p (Fig. 2b) was observed, suggesting the presence of
immobilized silane groups on the titanium surface. As expected,
the peak showed a decrease in the intensity after application of
the surface coating. Additionally, the appearance of Zn 2p peak
after dip coating of PLEGDA/ZnO NPs (1 wt%) composite con-
firms the presence of ZnO NPs on the coated surface. Comparing
the C 1s spectra of PLEGDA coatings before and after ZnO NPs
addition, (Fig. 2d and e) it is noticed that the relative intensity
of the -C—O0O peak increases and the -COO peak decreases
compared to the -C-O peak after ZnO NPs mixing, which results
from the interaction between the carbonyl groups of polymer
chains and ZnO NPs. Furthermore, the TEM studies reveal that
the block polymer PLEGDA aggregates in a vesicular arrange-
ment (inset, Fig. 2d) that produces a stable polymer-NPs disper-
sion (inset, Fig. 2e).

Further investigation of the surfaces before and after the
application of coatings was performed using contact angle
measurements of a sessile water drop. The results in Fig. 2f
show a reduction of the contact angle after NaOH treatment
due to an increase in the hydrophilicity aroused from newly
generated hydroxyl groups on the titanium surfaces. With the

© 2023 The Author(s). Published by the Royal Society of Chemistry

introduction of TMSPMA, the titanium surfaces became rela-
tively hydrophobic, and the contact angle increased to 79 £ 3°.
The surfaces after photo-grafting with PLEGDA, PLEGDA/ZnO
NPs (1 wt%) and PLEGDA/ZnO NPs (2 wt%) coatings demon-
strate a distinct change in surface wettability, with contact angles
of ca. 61°, 46° and 42°, respectively. The presence of PEG chains
in the block copolymers as well as ZnO NPs in the composite has
made the surface relatively hydrophilic. Furthermore, the hydro-
philicity of the surfaces increases as the concentration of ZnO
NPs increases. These results are in good agreement with the XPS
data, illustrating the stepwise surface modification of titanium
substrates.

To visualize the surface morphology of PLEGDA/ZnO NPs
(1 wt%) coatings on pre-treated titanium substrates, SEM studies
were performed. Fig. 3a(i and ii) indicates the morphological
characteristics of a typical polymer film that covers the entire
surface. The coating is uniform and homogeneous. The cross-
sectional SEM image (inset, Fig. 3a(ii)) demonstrates the efficacy
of coating formation using photo-grafting in preparing NPs-
embedded polymer layers of ca. 2 pm thickness. The thickness
can be altered by varying the concentration of the polymer.
Further energy dispersive X-ray spectroscopy (EDS) analysis of
the coating, Fig. 3b(i-v), reveals the presence of a large amount
of carbon and oxygen, which indicates a uniform coverage of a
coating containing PLEGDA polymer as the major constituent.
In addition, the results confirm that the coating is composed
of Zn, which is well distributed throughout the coating layer
and originates from the ZnO NPs. In order to evaluate the
pertinence of this process toward the coating of biomaterials, a
commercial Ti-6Al-4V dental implant was also used as a

Mater. Adv., 2023, 4, 3026-3036 | 3029
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(a) SEM (inset of a;: cross-sectional image, scale bar: 1 um), and (b) X-ray maps (scale bar: 2 um) and EDS spectrum of the PLEGDA/ZnO NPs

(1 wt%) coating on pre-treated Ti substrate. (c) SEM images of the PLEGDA/ZnO NPs (1 wt%) coating on commercial dental implant.

substrate. Fig. 3c(i and ii) shows SEM images of the coated
implant. The results clearly reveal that the geometry of the
implants imposes no detrimental effect on the coating formation
and that the coating has high surface coverage.

As a coating for implants, it is essential to investigate the
stability of PLEGDA/ZnO NPs (1 wt%) coatings in a physiological
environment. To evaluate their stability, the coated surfaces were
immersed in phosphate-buffered saline (PBS, pH 7.4) at 37 °C
and their weight losses were measured up to 15 days. Up to 1%

3030 | Mater. Adv., 2023, 4, 3026-3036

of the coating was lost after 3 days of incubation, while a weight
loss of 2.5% was observed after incubation for 15 days (Fig. 4a).
These results indicate a low weight loss for the coating, and
therefore, it is expected to possess stability suitable for implant
applications. Following this study, another experiment was con-
ducted to evaluate the leakage ZnO NPs. 50 mg of PLEGDA/ZnO
NPs (1 wt%) samples (4 replicates) were placed in 5 mL of PBS
solution. 50 pL of the solutions were taken after 3 days and
added to 3 mL of 1 wt% of nitric acid. As the antibacterial tests

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(a) Degradation behavior of PLEGDA/ZnO NPs (1%) coatings in PBS (pH 7.4) at 37 °C for up to 15 days of immersion; (b) % leakage of ZnO from

PLEGDA/ZNnO NPs (1%) samples in PBS (pH 7.4) at 37 °C for 7 days of immersion.

on the samples were designed to be performed after 24 hour
of immersion, we evaluated the leakage after 3 days. The zinc
ion concentration of the samples was determined using IC-PMS
and the total leakage percentage of zinc oxide was calculated
from it. The result shows that (4.2 + 0.3)% of the ZnO were
depleted within 3 days. However, prolonged study indicates
higher amount of leakage (17-35%) (Fig. 4b).

2.4. Antibacterial activity of the PLEGDA/ZnO coatings

To assess the antibacterial activity of the ZnO NPs-loaded
PLEGDA coating, both Gram-positive S. aureus and Gram-
negative E. coli were tested in vitro as model bacteria. These
bacteria account for the majority of implant-associated infec-
tions. ZnO NPs are known for their antibacterial properties in
terms of contact killing.***° Hence, bacterial suspension of
known concentration was added on uncoated and differently
coated surfaces. After incubation for 4 hours, the bacterial
growth medium was added to the samples and they were
incubated for additional 20 hours to allow the bacterial growth.
To examine the viability of the bacteria, the resulting bacterial
suspensions were then analyzed for colony counting and the
surfaces were investigated by live/dead bacterial cell staining.
Throughout the study, non-mutagenic bacteria were used. After
each experiment, the bacteria were immersed in 5% of sodium
hypochlorite. As evidenced from Fig. 5a and b, the growth of
both bacteria was completely inhibited in contact with
PLEGDA/ZnO NPs (1 wt%) surfaces, while the bacteria contin-
ued to proliferate when exposed to the surfaces without
embedded ZnO NPs. In addition, Fig. 5c-j demonstrates that
the colony counting results were in agreement with the results
obtained from the live/dead bacterial cell staining of the
surfaces. It is worth noticing from Fig. 5e and i that fouling-
resistant PEG-containing PLEGDA surfaces inhibited the initial
attachment of bacteria and delayed the bacterial growth on the
surfaces, showing the highest repelling ability against Gram-
negative E. coli. As expected, PLEGDA did not kill the bacteria as
it contained no antibacterial activity (Fig. S6, ESI{). Following
the trend, it was found that PLEGDA did not completely inhibit
the growth of Gram-positive S. aureus, which were able to attach
to the surfaces. Fig. 5f and j reveal that after the incorporation

© 2023 The Author(s). Published by the Royal Society of Chemistry

of ZnO NPs, antibacterial activity was added to the antifouling
property of PLEGDA, leading to the complete eradication of
bacteria in contact with the surfaces. These results clearly
demonstrate that apart from the low-fouling properties, an
efficient bacterial inhibition was ensured by the direct contact
with ZnO NPs during the first 4 hours of incubation. The result
was again supported by the the bacteriostatic circle test (Fig. S7,
ESIT). In the experiment, crosslinked films of PLADA (metha-
crylate of PLA), PLEGDA (methacrylate of PLA-block-PEG copo-
lymer) and PLEGDA/ZnO NPs (1%) were added on agur plates
containing the desired bacteria. The plates were then incubated
for 24 hours at 37 °C. PLEGDA/ZnO NPs (1%) exhibited anti-
bacterial activity against both E. coli and S. aureus, as evidenced
by the inhibition of bacterial growth.

2.5. Cytotoxicity of the PLEGDA/ZnO coatings

Assessing the optimum balance between efficient antibacterial
activity and good cytocompatibility is challenging, as a higher
amount of nanomaterials might result in higher antibacterial
effects as well as increased cytotoxicity. In light of the anti-
bacterial studies, it was essential to investigate the effect of ZnO
NPs on the cytocompatibility of the coating. Therefore, the cell
viability (Fig. 6a—f) of PLEGDA coated surfaces without and with
ZnO NPs loading was tested in vitro by XTT analysis on hFOB
osteoprogenitor human cells (Fig. S8, ESIf). The surfaces
were incubated in 1:1 DMEM/F12 growth medium for 24, 48,
72 hours, and 7 days. The extracted growth media were used to
culture hFOB cells, and the viability tests were performed after
24 hours of incubation. In Fig. 6a and b, the XTT results reveal
excellent cell viability both for the PLEGDA and PLEGDA/ZnO
NPs (1 wt%) surfaces, with no significant difference between
them, illustrating that ZnO NPs (1 wt%) embedded PLEGDA
coatings are highly cytocompatible. Viability tests of coatings
containing 1.5 and 2 wt% NPs were found to exhibit ~85% and
~70% cell viability (not shown), respectively. Thus, coatings
with 1 wt% ZnO NPs were found ideal both for efficient
antibacterial activity and cell viability. To visualize the cell
viability more intensely, we further conducted a live-dead cell
staining assay on hFOB cells cultured for 24 hours in the
extracted growth media (incubation of 24 hours and 7 days

Mater. Adv., 2023, 4, 3026-3036 | 3031
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with the coatings), see Fig. 6c-f. Staining with fluorescein
diacetate shows cell membrane of live cells as green, while
propidium iodide stains the DNA of dead cells as red.*® The
results are consistent with the XTT assay, the coatings being
found nontoxic as evidenced from the high population of live
cells. Next, hFOB cells were seeded on the PLEGDA/ZnO NPs
(1 wt%) coating and tested after 4 days of cell culture using
staining with 4’,6-diamidino-2-phenylindole (DAPI) that indicates
cell nuclei as blue. Interestingly, Fig. 6g and h shows that the
PLEGDA/ZnO NPs (1 wt%) coating supports cell adherence and
cell viability, and hence, it may be used as a coating for implants.

It is important to mention here that the optimal hydropho-
bic-hydrophilic balance of the coating has a crucial role in
determining its performance. Therefore, PLEGDA was used
after screening using PDA1 and PDA2 coatings (not shown).
As expected, PDA2 with the lowest PEG,00o/PLAj7900 ratio
(~0.11) did not show intense fouling resistance against bacteria.
On the other hand, PDA1 with the higher PEG,yo/PLA3600 ratio
(~0.55) exhibited better antifouling activity as it contains more
hydrophilic PEG over PLA compared to PLEGDA. Nevertheless,
PLEGDA with a moderate PEGoo/PLAge00 ratio (~0.23) contains
a suitable hydrophilic-hydrophobic balance. It affects the foul-
ing property of the coating in an effective way, showing fouling

3032 | Mater. Adv, 2023, 4, 3026-3036

resistance against bacteria while promoting cell adhesion. More-
over, it is apparent from the results that the incorporation of
NPs into PLEGDA offers a platform for implants coating with an
optimum hydrophobic-hydrophilic balance, which preserves the
cytocompatibility, and in turn, influences the cell adhesion while
preventing biofilm formation.

3. Conclusions

A facile, straightforward method of developing methacrylate-
based PLA-block-PEG (PLEGDA) co-polymeric coating embedded
with ZnO NPs using photo-crosslinking is reported. The combi-
nation of PLA and PEG offers a general strategy to provide an
intrinsically biocompatible and fouling resistant polymer archi-
tecture on the biomaterial surface. The good surface coverage and
uniform distribution of the coating material on titanium alloy
with different geometries implies the applicability of the coating
for medical implants. The optimal balance of hydrophobic-hydro-
philic segments of PLEGDA with an appropriate amount of ZnO
NPs (1 wt%) collectively imparted to potential contact-killing
antibacterial surfaces that can repel bacteria to some extent,
while exhibiting excellent cell viability in vitro. In addition, the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Cytocompatibility of coatings by XTT studies of (a) PLEGDA, and (b) PLEGDA/ZnO NPs (1 wt%) coatings. (c and d) Live-dead viability test on hFOB
cells treated for 24 hours with extracted media from PLEGDA coatings after (c) 24 hours and (d) 7 days, respectively. (e and f) Live-dead viability test on
hFOB cells treated for 24 hours with extracted media from PLEGDA/ZnO NPs (1 wt%) coatings after (e) 24 hours and (f) 7 days, respectively. Scale bar:
500 um. Green staining represents live cells; red staining represents dead cells. (g and h) Fluorescence micrographs of hFOB cells cultured on PLEGDA/

ZnO NPs (1 wt%) coatings for 4 days, stained with DAPI (blue).

ZnO NPs-embedded surfaces were found to improve cell adhesion.
Here leakage of ZnO needs to be optimized and reduced, especially
in case of prolonged applications. Our team is working on the
development of a modified version of the coating to improve it’s
stability and leakage.

Exploiting strategic synthetic design to tailor multifunc-
tional polymer-nanomaterial coatings, this approach can be
extended as a promising strategy toward material-independent
UV-assisted surface grafting of biomaterials to minimize
implant-associated infections.

4. Experimental section
Synthesis of PLA-diol

PLA-diol was synthesized via ring-opening polymerization
(ROP) of 1-(-)-lactide (Carbosynth Limited, UK) in the presence
of 1,4-butanediol (Aldrich) as initiator and stannous (II) 2-
ethylhexanoate [Sn(Oct),] (Sigma-Aldrich) as a catalyst. In brief,
0.34 mol 1-(-)-lactide was mixed with 0.45 x 10~> mol 1,4-
butanediol and 0.34 x 10> mol Sn(Oct), in a three-neck flask
under nitrogen and stirred at 110 °C for 3 hours. The product
was dissolved in chloroform, precipitated in a large excess of
cold diethyl ether (Bio-Lab, Israel) and repeatedly washed with
cold methanol (Honeywell, USA). Finally, PLA-diol was obtained

© 2023 The Author(s). Published by the Royal Society of Chemistry

after drying in a fume hood. "H NMR (400 MHz, CDCl;): §
(ppm) = 1.53-1.71 (m, 12H), 1.71-1.77 (m, 6H), 1.92-2.08 (m,
4H), 2.68 (s, 2H), 4.21 (m, 4H), 4.32-4.41 (m, 2H), 5.21 (m, 2H).
My, NMR: 9200 g mol ", M,,, MALDI-TOF: 8600 g mol " (Fig. S3,
ESIt). My, GPC: 8943 g mol ' and PDI: 1.72 (Fig. S5, ESI{).

Synthesis of dimethacrylate of PLA-block-PEG copolymer
(PLEGDA)

Poly(ethylene glycol) (PEG 2K) (Sigma-Aldrich) was dried in a
three-necked flask under vacuum at 120 °C. To ensure the
formation of PEG-HDI pre-polymer, hexamethylene diisocya-
nate (HDI) (Alfa-Aesar, Belgium) was added dropwise to it in a
mole ratio of 1:1 in the presence of Sn(Oct), catalyst at 80 °C
under nitrogen. In the next step, PLA-b-PEG was synthesized via
coupling of PEG-HDI pre-polymer and PLA-diol at 1:1 mole
ratio of isocyanate content of PEG-HDI to diol content of PLA.
One of the terminal hydroxyl groups of the PEG chains under-
went a reaction with one of the terminal isocyanate groups of
HDI, while the second isocyanate group of HDI acts as the
anchoring site for the PLA chains. The reaction was conducted
for 4 hours under nitrogen at 70 °C. Then, dimethacrylation
was done by adding 2-isocyanatoethyl methacrylate (IEMA)
(Aldrich,) and catalytic amount of Sn(Oct), to the as synthesized
block copolymer in dry dioxane (Bio-Lab, Israel), which was

Mater. Adv., 2023, 4, 3026-3036 | 3033
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dried prior to use over molecular sieves (Sigma-Aldrich).
The reaction continued for 2 hours at 80 °C under nitrogen.
The reaction mixture was then dissolved in chloroform and
precipitated in cold diethyl ether. The process was repeated for
three times, and the final product (PLA-b-PEG dimethacrylate
(PLEGDA)) was obtained after drying in a fume hood. "H NMR
(400 MHz, CDCl,): 6 (ppm) = 1.61 (s, 3H), 3.68 (m, 4H), 5.15-5.27
(m, 1H), 5.62 (d, 2H), 6.14 (d, 2H) (Fig. S4, ESIt). M,, GPC:
11270 g mol " and PDI: 1.55 (Fig. S5, ESIY).

Synthesis of zinc oxide nanoparticles (ZnO NPs)

ZnO NPs were synthesized via a facile chemical precipitation
method using sodium hydroxide.?” First, 0.1 M sodium hydroxide
(Alfa Aesar) solution was added dropwise to 0.1 M zinc nitrate
hexahydrate (Alfa Aesar) solution at room temperature under
vigorous stirring. The precipitate was then filtered, washed with
distilled water, followed by methanol, and dried at 80 °C for
5 hours. Finally, the ZnO NPs were obtained from the precursor
after annealing at 150, 200, 350 and 450 °C for 2 hours.

Preparation of ZnO NPs-embedded UV-curable PLA-block-PEG
copolymer solution (PLEGDA/ZnO NPs)

ZnO NPs-embedded dimethacrylate end-functionalized PLA-b-
PEG copolymer solutions were prepared by mixing 60 wt%
solution of UV-curable PLEGDA in chloroform with 1, 1.5 and
2 wt% of ZnO NPs (annealed at 350 °C). The as-synthesized ZnO
NPs annealed at 350 °C were used for further studies as they
were found preferable in terms of purity and particle size
distribution. Prior to use, 0.5 wt% of photoinitiator, TPO-L
(Alfa Aesar) was added to the mixture to produce the final
formulation.

Photografting of ZnO NPs-embedded PLEGDA coatings

To develop photo-grafted surface coatings, Ti-6Al-4V alloy rods
(Bramil LTD) were subjected to pre-treatment.*’ First, the rods
were machined, ground manually on silicon carbide papers
(grit 600 and grit 4000, Microcut, Buehler, USA), washed in
distilled water and acetone, acid etched in HF(40%)/
HNO;(65%) solution (2 and 20 vol%, respectively) for 2 min,
and grit blasted with high-purity alumina powder (59-68 um)
(Calbex Mineral Trading, Inc., China). Following cleaning and
air oxidation for 1 h, the substrates were soaked in 5 M NaOH at
60 °C for 24 hours, cleaned and dried in cool air. The samples
were then subjected to reaction with 3-(trimethyoxysilyl)-propyl
methacrylate (TMSPMA, Sigma-Aldrich) (2% v/v) in dry toluene
at 55 °C for 24 hours. After that, the samples were cleaned
ultrasonically in toluene, ethanol, and distilled water, consecu-
tively. Following silanization, the samples were dip-coated with
PLEGDA/ZnO NPs and crosslinked using ultraviolet (UV) irra-
diation with a wavelength of 365 nm for 20 min to ensure
complete photo-crosslinking. Also, commercial dental implants
from SGS Dental Implants (Schaan, Liechtenstein) were tested
after soaking in NaOH, followed by silanization and coating
formation. All samples were stored in dark place before
further use.
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Characterization

All "H NMR spectra were recorded in CDCl; with TMS internal
standard using Bruker 400 MHz spectrometer. MALDI-TOF
mass spectral measurements were performed with a MALDI-
SYNAPT QTOF mass spectrometer (Waters, USA) combined
with UPLC (Acquity, Waters) using 2,5-dihydroxybenzoic acid
(DHB) as a matrix. Gel permeation chromatograph (Differential
Separations Module Waters 2690 having Refractometer Detec-
tor Waters 410 and Millenium Chromatography Manager) was
used to determine the molecular weight of as synthesized
polymers using polystyrene standards. Powder X-ray diffraction
(XRD) patterns of as-synthesized ZnO NPs were collected using
a D8 ADVANCE DIFFRACTOMETER (Bruker AXS, Madison, WI,
USA) equipped with Goebels mirrors and LYNXEYE-XE linear
position sensitive device (PSD) detector. The average crystallite size
(D) was calculated from the main peak using Scherrer’s equation:*>

D =0.94/fCos 0

where 4 is the X-ray wavelength, 0 is the peak position, and f is
the full width at half maximum (FWHM).

Zeta ({) potential measurements of dispersed ZnO NPs at
varying pH were carried out in a Zetasizer Malvern ZS system.
For the morphological characterization, sample solutions/dis-
persions were drop-casted onto 400-mesh copper grids coated
with thin carbon film (SPI, West Chester, PA, USA) and mon-
itored after drying by using a JEM-1400Plus Transmission
Electron Microscope (JEM) operating at 80 kV. Also, the powder
NPs and coated surfaces were viewed using a scanning electron
microscope (SEM, Quanta 200 FEG, FEI, Waltham, MA, USA)
equipped with an energy-dispersive X-ray spectrometer (EDS,
INCA detector, Oxford Instruments, Abington, UK). Surface
wettability was checked via contact angle measurements using
FTA 125 Dynamic, Contact Angle Analyzer (Crelab Instruments).
X-ray photoelectron spectroscopy (XPS) analysis of the samples
after surface treatments was performed in Kratos Axis ultrahigh-
resolution XPS instrument (Kratos Analytical Ltd, UK).

Antibacterial property analysis

Bacterial growth inhibition assay. Staphylococcus aureus
(ATCC, USA) and Escherichia coli (ATCC, USA) bacteria were
separately grown overnight at 37 °C with shaking at 120 rpm in
15 mL of LB media (Lennox, Difco, Fisher Scientific). Fresh LB
was added to the cultivated bacterial suspension to adjust the
OD to 0.3 at 600 nm. Then, 10 pL aliquot of this bacterial
suspension (5 x 10° CFU mL™ ') was added on top of each
sample (1 x 1 ecm?) and incubated for 4 hours. It was essential
to ensure that all the bacteria were settled on the substrate.
After 4 hours, 5 mL of LB was added to the wells with the
samples, and further incubation at 37 °C under shaking at
120 rpm was conducted for additional 20 hours. After incuba-
tion, 1 mL of aliquot was analyzed spectrophotometrically
at 600 nm to verify bacterial proliferation. Then, the number
of cultures was calculated and adjusted to reflect CFU mL ™" for
each sample. The antibacterial experiments for each kind of
bacteria were performed in triplicate and repeated three times.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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The preparation of live/dead assay: After incubation, the test
samples were removed from the culture medium and washed
three times with PBS to remove both the unbound bacteria and
bacteria from the medium, followed by incubation in the
staining solution containing propidium iodide and Syto9
(L13152 LIVE/DEAD® BacLight™ Bacterial Viability Kit, Mole-
cular Probes, OR, USA) for 15 minutes. Then, confocal micro-
scopy was performed using FV-1200 (Olympus, Japan).

Cytotoxicity assay. Cytotoxicity tests were performed using
hFOB cell line (ATCC, USA). The hFOB cells were cultured in
growth media (GM) containing 90% 1:1 Dulbecco’s Modified
Eagle’s Medium: Ham’s F12 (DMEM/F12, Biological Industries,
Israel) supplemented with 10 wt% Fetal Bovine Serum (FBS,
Biological Industries), 0.3 mg mL~' G418 (Apollo Scientific),
and 2.5 mM r-glutamine (Biological Industries). The cells were
cultured at 37 °C in a humidified atmosphere containing 5%
CO,. For the cytotoxicity analysis using an elusion test, the sterile
samples were first incubated with the GM for 24, 48, 72 hours,
and 7 days. The extracted GM was then used to culture hFOB
cells, and the viability was determined after a 24 hour incubation
period. Cell viability was evaluated using the XTT cell prolifera-
tion assay kit (Biological Industries) according to the manufac-
turer’s instructions. In brief, 100 L of the activation reagent was
added to 5 mL of the XTT reagent. Then, 100 pL of the activated
XTT solution was added to each well. After 2.5 hour incubation
at 37 °C, the intensity of color was measured using an enzyme-
linked immunosorbent assay (ELISA) microplate reader at 450
and 630 nm. Results are presented herein as mean £ standard
deviation (n = 3). The fluorescent live/dead staining assay (Sigma
Aldrich) containing 6.6 pg mL™"' fluorescein diacetate and
5 ng mL ™" propidium iodide was used to visualize the proportion
of viable and non-viable cells that were cultured with the
extracted GM for 24 hours. The labeled cells were viewed
immediately afterwards using a Nikon Eclipse Tifluorescent
microscope and images were captured by a Zylasc MOS camera
using Nikon Intensilight C-HGFI fluorescent lamp.

Cell adhesion study. For the cell adhesion studies, the
samples were washed for 2 days with GM, followed by UV
sterilization. After reaching a confluence of 90%, the hFOB cells
were separated from the Petri dish using trypsin A, and 10 000
cells in 0.2 mL of fresh GM were directly seeded on the samples
and were cultured in GM. After 4 days of culture, the cells were
stained with DAPI (Abcam, USA), as per the company protocol.
They were subsequently imaged using a Nikon Eclipse Tifluor-
escent microscope. Images were captured by a Zylasc MOS
camera using Nikon Intensilight C-HGFI fluorescent lamp.
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